The amygdala is part of the brain reward circuitry that plays a role in cocaineseeking and abstinence in animals and cocaine craving and relapse in humans.
INTRODUCTION
The amygdala is essential in forming stimulus-reward associations and associational processing of conditioned cues (Aggleton 1992; Shinnick-Gallagher et al. 2003) . Drug-associated cues can induce craving in cocaine users and alter neural activity in the amygdala (Childress et al. 1999) , and electrical stimulation of the BLA can reinstate drug-seeking in animals (Hayes et al. 2003) . Drug-cue associations are not well understood, but the mechanisms may be similar to forms of synaptic plasticity and the induction and expression of cocaine sensitization, a model for long-term neuroadaptations important in addiction (Robinson and Berridge 1993; Kalivas and Alesdatter 1993; De Vries et al. 1999) . Antagonizing NR in the amygdala can prevent and block locomotor sensitizing effects of chronic cocaine (Kalivas and Alesdatter 1993), and amygdala NR1 protein levels are increased after acute and chronic cocaine (Turchan et al. 2003) . Likewise, activation of L-type calcium channels mimics the induction (Lin et al. 2001 ) and antagonists block expression of cocaine sensitization (Pierce et al. 1998) . Furthermore, CRF systems in the amygdala play a significant role in cocaine addiction (Sarnyai et al. 2001) . In cocaine treated animals, CRF release in the amygdala is enhanced during acute withdrawal (Richter and Weiss 1999) and in response to a cocaine challenge (Richter et al. 1995) . Amygdala CRF immunolabeling decreases after short-, but increases after long-term withdrawal from chronic cocaine (Zorrilla et al. 2001 ).
Furthermore, cocaine-induced locomotor activity is blocked by intracerebroventricular injection of a CRF antagonist (Sarnyai et al. 1992 ). These Page 3 of 21 data provide strong rationale for testing the role of CRF receptors in synaptic plasticity in the CeA. The present studies show that specific cocaine treatment and withdrawal paradigms resulted in enhanced synaptic plasticity, that NR, Ltype calcium channels and CRF 1 were required for LTP in the BLA-CeA pathway, and that P-NR1, and CRF 1 protein but not synaptic potentials were increased after withdrawal from chronic cocaine.
METHODS
Cocaine HCl was a gift from the National Institute of Drug Abuse. Male
Sprague-Dawley albino rats (Harlan, 4-6weeks) were injected daily with cocaine (15 mg/kg, i.p.) or saline (0.1 ml/kg, i.p.), once or twice/day for 1 or 2weeks to assess how duration and frequency of cocaine treatment and withdrawal time influence synaptic plasticity. Behavioral sensitization measuring the progressive locomotor stimulant properties resulting from chronic cocaine treatment was analyzed with a photocell apparatus before and on the first and last days of cocaine or saline treatment (Figure1E) as a measure of cocaine's effectiveness.
After 7-days, locomotor activity was increased significantly over 1-day activity in the cocaine-treated (F 1,120 =260.07, p<0.001) but not in the saline-treated (p>0.05) group. No significant differences were observed between animals injected once/day for 7 days or twice daily for 14 days. Coronal brain slices (500µm) were prepared and incubated at room temperature for 1hr with oxygenated, modified ACSF solution (in mM), NaCl, 119; KCl, 3.0; NaH2PO4, 1.2; MgSO4, 1.2; CaCl2, 2.5; NaHCO3, 25; and glucose, 11.5, and then submerged in a chamber (1.0ml, 2.5ml/min) at 30±1ºC for another hour before recording. BLA fibers were stimulated with concentric electrodes (50k ) using 150µs pulses of varying intensity (3-15V) at 0.05Hz and field excitatory postsynaptic potentials (fEPSPs) were recorded in the capsula/medial CeA with tungsten electrodes (2-5M ). fEPSP magnitude was adjusted to 30% of maximum response, baseline recorded, and LTP induced using high frequency stimulation (HFS) consisting of 5 trains of stimuli (100Hz for 1sec, 3min intervals). fEPSPs were recorded at 0.05Hz for another hour and their slopes normalized to baseline values. A one or two-tailed unpaired t-test or one-way ANOVA with appropriate post-hoc tests were used for statistical analysis, n equals the number of slices. Methodologies for patch recording (Liu et al. 2004) and western blot analysis (Zinebi et al. 2003) were similar to that reported previously.
RESULTS
Amygdala slices were prepared and LTP was assessed in the BLA-CeA pathway (Figure1A-D). We first tested the influence of varying cocaine administration paradigms and withdrawal time on LTP. Animals received cocaine or saline either once/day for 7days or twice/day for 14days, followed by either 1-or 14days of withdrawal. Input-output relationships were similar in all treatment groups ( Figure 1D ). In slices from animals treated with cocaine twice/day for 14days and a 14day withdrawal, fEPSP slopes following HFS (203.5±11.7%, n=10) were significantly enhanced compared to fEPSPs obtained from control animals (144.2±4.7 %, n=10, p<0. 001). When treatment duration and frequency were reduced to 7days of cocaine once/day, HFS-LTP (202.1±12.1%, n=12) Since CRF has been implicated in the pathophysiology of drug addiction (Sarnyai et al. 2001) , we also examined whether CRF receptors modulate HFS-LTP ( Figure 3 ). These data indicated an obligatory role for CRF 1 in synaptic plasticity in the BLACeA pathway.
To further investigate the mechanisms contributing to cocaine enhanced LTP, we analyzed amygdala protein levels using western blots (7 animals/group; Figure 3C ). NR1 protein was not quite significantly elevated (p=0.07) and P-NR1
protein was significantly increased (p<0.03) in cocaine withdrawn animals while the L-VGCC 1C subunit (Ca V 1.2, p>0.2) was not altered, suggesting that signaling through NMDA may be altered after cocaine treatment. However, NMDA/AMPA ratios measured at -20mV were not changed in cocaine-treated animals (saline:0.097±-.015, cocaine:0.110±0.019, n=6/group), indicating that increased phosphorylated NR protein was not reflected in the ratio at this synapse. In agreement with our electrophysiological results, CRF 1 protein levels were significantly increased after cocaine treatment (p<0.04), while CRF 2 remained unchanged (p>0.35).
DISCUSSION
Our studies demonstrate for the first time that LTP in the BLA-CeA pathway was enhanced after long-but not short-term withdrawal from chronic cocaine, that HFS-induced LTP was modulated endogenously by CRF 1 , and that elevated P-NR1, and CRF 1 protein may contribute to cocaine-enhanced LTP.
The withdrawal-induced enhancement of LTP may be related to the neuroadaptive effects associated with behavioral sensitization which can persist for 2weeks (Kalivas et al. 1988) these effects were also not correlated with an altered fEPSP amplitude.
Conversely, at an intra-lateral amygdala (LA) synapse, an increased baseline response and reduced LTP were observed with cocaine treatment (15mg/kg, 3x/day, 1hr intervals for 7days) and 1-3day withdrawal but the effect dissipated within 9-days; this reduction in LTP was interpreted as occlusion due to the With GABA inhibition intact, we previously found that low CRF concentrations inhibited evoked EPSCs about 40% while in the presence of GABA antagonists (Fig 2A,  2C , and 3C) and cocaine (Fig 2B, 2D, and 3D ).
